The dissolution kinetics and mechanisms of reaction of Udi clay in nitric acid have been studied. Leaching temperature, acid concentration, particle size, solid-to-liquid ratio, and stirring speed were selected as process parameters. It was observed that the dissolution rate increased with decreasing particle size and solid-to-liquid ratio and increased with stirring speed, acid concentration, and leaching temperature. (S/L) -0.3104 (w) 0.2709 exp (-2621/T) t. The activation energy of the process was determined to be 21.791kJ/mol. The experimental data were tested by graphical and statistical methods and it was found out that the above model best fitted the data.
INTRODUCTION
Leaching process is one of the most frequently employed techniques in extractive metallurgy for the recovery of value using aqueous solutions. Low energy consumption, reduced environmental pollution, and the ability to treat low grade ores are amongst attracting features which motivates its application in hydrometallurgical routes. Over the past few decades, numerous pieces of work were conducted on the dissolution of minerals aiming at understanding, controlling, and optimizing effects of process parameters on the extraction yield (Baba, et al, 2007 and 2010; Guillermo, et al, 2005; Girgin, et al, 2011; Ozmetin, et al, 1996; Martinez-Luevanos, et al, 2011; Abali, et al, 2007 and Demirkiran and Kunkul, 2008; Uzun and Gulfen, 2007; Ige et al, 2005; Numan and Weaver, 1969) . Brown et al, (1966) , studied the production of alumina from clay mined at Delaware, USA, by dissolving the clay mineral in nitric acid solution of known concentration. They found out that the dissolution is dependent on the calcination temperature and time as well as the acid concentration. They recommended a calcination temperature and time of 700 0 C and one and half hours, respectively. Hulbert, et al, (1970) , studied the kinetics of alumina removal from calcined clay using sulphuric, hydrochloric, and nitric acids, they found out that the rate-controlling step for the leaching of aluminium ions from calcined clay when employing nitric acid was diffusion of reaction products from the phase boundary. They also reported that about 85% of alumina was removed using 160% concentration of the acid as other process parameters were kept at constant values.
Udi clay has not found any commercial application in the recent years, but, it is only used by local potters in their pottery work. The high content of alumina in the clay necessitated this research, as bauxite, which has remained the main raw source of alumina for aluminium industries in Nigeria, is depleting and the need for a substitute raw material.
In this work, the kinetics and mechanism of alumina removal from calcined Udi clay dissolved in nitric acid have been studied and the best dissolution conditions established.
Experimental Procedure: Clay sample was mined at Udi (N: 6 o 31' 0.0"; E: 7 o 43' 0.0"; A: 327m) in Enugu state southern part of Nigeria. The raw clay was sun-dried for three days and then crushed with pestle and mortar. The ground sample was sieved into different particle sizes ranging from 0.045 to 0.408 mm. The sized samples were calcined at different temperatures in a muffle furnace and then dissolved in nitric acid solution. In the dissolution experiments, 100 ml of the nitric acid of predetermined concentration was poured into a 250 ml spherical glass reactor equipped with a mechanical stirrer. The reactor and its content were placed inside a thermostatically controlled heating plate. Heat was applied and at the attainment of the desired temperature, 2g of the sized clay sample was introduced into the reactor with constant stirring. At the completion of the period of reaction, the contents of the reactor were filtered using Whatman filter paper. The filtrate containing the aluminium nitrate was evaporated to dryness and the residue ignited at 1100 0 C to form oxide from the nitrate salt and was weighed. The fraction of the alumina removed (x) was calculated by dividing the residue weight by the theoretical total alumina content of the calcined clay sample. The above experimental procedure was repeated to study the effect of the process parameters by varying their values as follows: acid concentration (3 -15M); leaching temperature (30 -70 0 C); particle size (0.045 -0.408mm); solid-to-liquid ratio (0.02 -0.04 g/ml); and stirring speed (90 -720 rpm).
RESULTS AND DISCUSSION
The chemical analysis of the raw and calcined (at 700 0 C for 80 minutes) Udi clay are given in Table 1 . The calcined sample was used in the leaching experiments. When the clay is added to nitric acid solution, the reaction taking place in the medium could be represented as follows:
Dissolution of the clay sample

Effect of calcination:
To investigate the effect of calcination temperature and time on the dissolution reaction, the calcined samples were dissolved in nitric acid solution and the dissolution rate was measured by the fraction of alumina removed as a function of time as shown in Figure 1 . The figure shows that the dissolution rate increased up to calcination temperature of 750 0 C above which there was a decrease in the fraction of alumina removed. As can be seen from the figure, the increase in the fraction removed in the range from 700 0 C to 750 0 C is not significant and so 700 0 C was chosen as the best temperature. Figure 2 and the figure shows that the dissolution rate of alumina are extremely increased by temperature and the best result was recorded at 70 0 C. 
Effect of nitric acid concentration:
Effect of nitric acid concentration was examined by varying the concentrations of the acid solution from 3, 6, 9, 12, to 15M. The experimental data are presented in Figure  3 . The figure shows that as the concentration increases, the fraction removed increases and the optimum nitric acid concentration within the experimental conditions was determined to be 15 M. Effect of particle size: The clay samples of different particle sizes ranging from 0.045 to 0.408 mm were dissolved in the solution of nitric acid. It was observed that the dissolution rate increased with decreasing particle size and experimental data is shown in Figure 4 . 
Effect of solid-to-liquid ratio:
The effect solid-toliquid ratio on the dissolution rate of the clay sample was investigated using different ratios ranging from 0.02, 0.04, 0.06, 0.08, to 0.10 g/ml. The experimental data show that dissolution rate increases with decreasing solid-to-liquid ratio as shown in Figure 5 . The best ratio was chosen as 0.02 g/ml. 
Effect of stirring speed:
The experimental results are shown in Figure 6 . It was observed that the dissolution rate increased as the stirring speed increased, but the increase was less at speed above 540 rpm which was chosen as the best speed. 
Dissolution kinetics:
In order to establish the kinetic parameters and rate-controlling step for the dissolution of alumina in nitric acid solution, the experimental data plotted in Figures 2, 3, 4 , 5, and 6, that represent the dissolution of Udi clay using nitric acid, were fitted to the shrinking core kinetic. According to the shrinking core model, reaction rate of a heterogeneous process may be controlled by one of the following steps:
Surface chemical reactions control:
Product layer diffusion control: It was found out that the experimental data fitted very well to the chemical reaction control of a spherical particle of the shrinking core model. The plots of the fitted equations for the process parameters are shown in Figures 7, 8, 9 , 10, and 11, for temperature, acid concentration, particle size, solid/liquid ratio, and stirring rate, respectively. The apparent reaction rate constants calculated from the slopes of Figure 7 , were plotted against the reciprocal of the temperature according to the Arrhenius equation to determine the activation energy of the process. The plot of the data is shown in Figure 12 ; the activation energy was determined to be 21.791kJ/mol with a correlation coefficient of 0.9815, which is in close agreement with the value calculated by Gahrke et al (2005) of 18.642kJ/mol for Serbian montmorillonite using oxalic acid.
The apparent reaction rate constants calculated from the slopes of Figures 8, 9 , 10, and 11, for acid concentration, particle size, solid-to-liquid ratio, and stirring speed, respectively, were plotted against the natural logarithm of the respective parameter values to determine their effect on the kinetics of the dissolution of Udi clay in nitric acid. The plots are shown in Figures 13, 14 , 15, and 16, for acid concentration, particle size, solid/liquid ratio, and stirring speed, respectively.
A semi-empirical model is also developed for the process as follows;
The variables 
The apparent reaction rate constants of the tested models are presented in Table 2 . The comparison of analyzed data based on the linear regression coefficient (R 2 ) values (Table 2 ) for different kinetic model equations showed the orders followed are surface chemical reaction of a spherical particle > film diffusion controls > ash product layer diffusion of a spherical particle. Hence, the surface chemical reaction of a spherical particle kinetic equation (Eq. (2)), in general, has best agreed to the present kinetic reactions. 
Conclusion:
The conclusions that can be drawn from the dissolution of alumina in nitric acid solution are:
(i) The dissolution rate was positively affected by temperature, concentration, and stirring speed, while solid-to-liquid ratio and particle size had a negative effect.
(ii)
The dissolution of alumina in nitric acid was enhanced by calcination of the raw clay. (iii)
The rate of alumina dissolution followed the chemical reaction controlled mechanism, 1 -(1 -X) 
